The increasing pressure of climatic change and anthropogenic activities is predicted to have major effects on ecosystems around the world. With their fragility and sensitivity to hydrologic shifts and land-use changes, wetlands are among the most vulnerable of such ecosystems. Focusing on the Everglades National Park, we here assess the impact of changes in the hydrologic regime, as well as habitat loss, on the spatial configuration of vegetation species. Because the current structuring of vegetation clusters in the Everglades exhibits power-law behavior and such behavior is often associated with self-organization and dynamics occurring near critical transition points, the quantification and prediction of the impact of those changes on the ecosystem is deemed of paramount importance. We implement a robust model able to identify the main hydrologic and local drivers of the vegetation species spatial structuring and apply it for quantitative assessment. We find that shifts in the hydropatterns will mostly affect the relative abundance of species that currently colonize specific hydroperiod niches. Habitat loss or disruption, however, would have a massive impact on all plant communities, which are found to exhibit clear threshold behaviors when a given percentage of habitable habitat is lost.
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climate change impacts | ecohydrology | ecology | habitat vulnerability A s the interest surrounding wetlands and their fate has grown throughout the last decades, the impact of the increasing anthropogenic and climatic changes on their delicate ecosystem, and in particular on their vegetation dynamics, has been the subject of numerous studies (1) (2) (3) (4) (5) . It was shown that the spatial organization of vegetation often arises from the interplay between local endogenous dynamics and global exogenous forces (6) (7) (8) (9) . In the Everglades National Park (ENP), in particular, such interplay is responsible for power-law clustering of vegetation species (10) . Moreover, the ENP is a cradle where a large variety of rare and endangered species coexist within a fragile equilibrium, and the awareness of its importance has drawn attention to the extent that it is the focus of one of the most expensive restoration projects ever attempted (11) (12) (13) . With these premises, it is of paramount importance to understand and quantify the potential impacts of habitat changes on the vegetation structuring of the Everglades ecosystem.
Results
The modeling framework adopted in this study, which reveals the feedback between vegetation structures and hydrologic forces by incorporating the effects of exogenous drivers (i.e., hydropatterns) and endogenous mechanisms of plant interactions, was successfully used as a diagnostic tool for the analysis of the spatial configuration of plant communities in wetlands, with specific focus on the power-law clustering of vegetation patterns in the Everglades (10) (Materials and Methods). Such a modeling framework is based on a cellular automaton scheme ( Fig. S1 and SI Materials and Methods) applied over a 40-× 40-m study grid covering the freshwater portion of the ENP.
In this study, we evaluate the impact of habitat changes due to shifts in the hydropatterns and to loss of habitat through a set of spatial statistics. We look at the repercussions of those changes on the relative abundance and pair density (that is, the fraction of contiguous pairs of pixels occupied by a given species) of each species, as well as their impact on the characteristics of vegetation species' cluster-size distributions. The latter statistics, in particular, are of great interest because it was found that the cluster sizes of all native species of the freshwater portion of the ENP are distributed according to power laws, P(A ≥ a) ∝ a -β , over a span of three or more orders of magnitude (10) . It needs to be underlined that the existence of power laws in the clustersize distribution of vegetation species has important implications on ecosystem behavior, because it is one of the early signs of critical transition and potentially catastrophic shifts (9, (14) (15) (16) (17) (18) , especially in response to potential climatic changes or habitat modifications (19, 20) . In addition to the spatial statistics described above, we use a measure based on the metapopulation capacity concept (21), a useful tool to determine the degree of interconnectedness of a community and estimate the robustness of an ecosystem and its closeness to extinction (SI Materials and Methods). We focus our analysis on three vegetation species: sawgrass, tall sawgrass, and pine savanna. Covering about 60% of the ENP area, sawgrass is by far the most abundant of all of the vegetation species of the ENP. Tall sawgrass and pine savanna currently occupy about 6% and 2% of the ENP, respectively, but their presence is strongly dependent on the hydroperiod regime (22) , and in particular on the percentage of time the ground is inundated (PTI), because they are more abundant, respectively, in wetter and drier environments.
Impact of Hydroperiod Shifts. To explore the effects of a shift in hydropatterns, we simulate the system with a set of PTI patterns, analytically derived from the mean observed one. We produce the derived PTI patterns by mapping the original observed average PTI through two quadratic functions, synthetically replicating a drying and a wetting scenario (Fig. 1, Fig. S2 , and SI Materials and Methods). Fig. 2A shows the relative abundance and the pair density of sawgrass, tall sawgrass, and pine savanna across the simulated PTI conditions. It is interesting to note that sawgrass maintains a large presence in the domain regardless of the PTI field and only slightly declines in very low PTI conditions. The relative abundance of tall sawgrass and pine savanna, however, is strongly dependent on the PTI field and mimics the current observations that tall sawgrass is more prevalent in wet areas whereas pine savanna prefers to colonize drier locations. Although the trends in relative abundance with respect to PTI regimes of the latter species seem analogous (albeit in opposite directions), they present a clear difference in terms of spatial autocorrelation. As the relative abundance of tall sawgrass increases (with wetter conditions), its pair density increases as well, but at a lower rate, suggesting that the effective spatial correlation of near sites of tall sawgrass decreases as its relative abundance increases (23) . Pine savanna, however, better preserves its spatial correlation because its relative abundance increases with decreasing PTI conditions.
Graphs of metapopulation capacity (SI Materials and Methods) versus relative abundance are presented in Fig. 2 C-E. It can be seen that the measure based on the metapopulation capacity, λ M , decreases with decreasing relative abundance for all species, but most notably for tall sawgrass and pine savanna, which are the most sensitive to changes in the hydroperiod regime. This suggests the usefulness of λ M to quantitatively describe the changes of relative abundance of species when wetlands undergo alterations in their hydroperiod regime.
A set of spatial statistics, namely the slope of the cluster-size distribution, the slope of the cluster area-perimeter relationship, and the size of the larger cluster, is presented in Fig. 3 for the three selected vegetation species. Notably, the best fit of the slope of the cluster-size distribution does not show high variability across a wide range of average PTI values, showing that the characteristics of species clustering are resilient to changes in hydrologic conditions, even when they determine a substantial decay or increase in their relative abundance. Minimal changes are also found in the slope of the perimeter-area relationship of species clusters. Nevertheless, for extreme conditions (very small or large hydroperiod regimes throughout the domain), the power-law behavior of the species cluster-size distribution is compromised, as shown in Table S1 . The latter observation is especially true for sawgrass and pine savanna, in which cases the cluster-size distributions are not well fitted by a power law for extreme hydrologic conditions, particularly very large PTI. When we look at the size of the largest cluster of each species across PTI conditions we observe three different behaviors. For sawgrass, the largest observed cluster has a size on the same order of magnitude of the entire freshwater ENP (∼10 9 m 2 ) for most of the hydrologic conditions explored. Only when the conditions become extremely wet or extremely dry do we notice a decrease in the size of the largest cluster, as seen with the decrease in relative abundance illustrated in Fig. 2A . The largest cluster of tall sawgrass, however, does not increase monotonically with increasing relative abundance. On the contrary, it reaches its maximum with the current PTI conditions and then decreases in wetter conditions, despite the predicted increase in its abundance. The latter is an interesting consequence of the aforementioned decrease in effective correlation observed for tall sawgrass with increasingly wet conditions. Pine savanna exhibits the most intuitive behavior of all of the three species analyzed, because the size of the largest cluster is observed to decrease as its abundance decreases.
Effect of Habitat Disruption. Habitat deterioration and land deprivation have been common problems for wetlands all over the world throughout the past century (12, 24) . Since the beginning of the 20th century, when the Everglades blocked the southward development of Florida, more and more of the wetlands were transformed to host the complex network of canals, dams, and levees necessary to meet growing agricultural needs, reducing the current Everglades to about half of its original size (11, 22, 25) and altering the vegetation and nutrient distribution (26) (27) (28) .
In this study we address the effect of habitat loss by simulating a set of possible scenarios characterized by different percentages of inaccessible domain. In practice, this is done by randomly selecting a certain percentage of 40-× 40-m pixels and assigning them a nonmodifiable null status in the cellular automaton model. We then track the spatial statistics of the vegetation species through the resulting set of domains and identify their response to the loss of habitat. Present PTI conditions are used in all cases.
As a consequence of the randomness of the selection of the inaccessible pixels, the relative abundance proportions of species are unaltered. Thus, the relative abundance of each species decreases proportionally to the percentage of habitat loss (Fig.  2B) .When the metapopulation capacity measure is considered, we observe that, after a certain habitat loss threshold, the value of the metapopulation capacity exhibits a clear drop (Fig. 2 C-E ). Although such a threshold is different for each species, it seems to be located between 30% and 45% of habitat loss, suggesting that the loss of more than 30% of the current ENP habitat could seriously compromise the current species interconnectedness and, thus, endanger their spatial structuring and, ultimately, existence. It should be noted, however, that the fact that the habitat loss is random and, thus, spatially uncorrelated, represents a worst-case scenario. In fact, it has been shown (17, 22) that spatially uncorrelated habitat disruption schemes have the largest impact on spatially correlated habitats.
Another interesting set of statistics in support of the existence of a habitat loss threshold is presented in Fig. 4 . Tracking the slope of the cluster-size distributions, cluster area-perimeter relationships, and size of the largest cluster of individual species throughout increasing percentages of habitat loss, we can clearly note sudden behavioral changes when the habitat loss approaches 40%. The slopes of the cluster-size distributions of all species suddenly drop around the aforementioned threshold (Fig. 4 A-C) . Moreover, the cluster-size distributions cease exhibiting power-law behavior as the percentage of unusable habitat increases (Table S2) . Changes in the vegetation species' spatial structuring is also apparent from the analysis of the areaperimeter relationship of the clusters (Fig. 4 A-C) , whose slopes present in all cases a maximum at about 40% of habitat loss and subsequently decrease. A threshold behavior is also evident in the size of the largest clusters (Fig. 4 D-F) , particularly for sawgrass, again as the percentage of habitat loss approaches 40%.
Discussion and Conclusions
As we tracked the response of vegetation species of the ENP to changes in habitat conditions, we observed that modifications of the hydrologic regimes would mostly affect the species that exhibit a strong preference for hydroperiod conditions, such as tall sawgrass and pine savanna. Sawgrass, however, which is by far the most abundant species in the Everglades, will not be strongly affected by hydrologic shifts, either in terms of relative abundance or in terms of vegetation cluster interconnectedness. More severe, however, is the effect of habitat loss on the spatial organization of vegetation. Spatial statistics of all of the species analyzed, in fact, exhibited dramatic changes as the accessible habitat decreased, and a threshold behavior was found in all cases at about 40% of habitat loss. Our findings suggest that the clustering and spatial structuring of the ENP ecosystem, while being rather resilient to climatic changes, could be suddenly and drastically upset by exogenous forces able to substantially deteriorate the habitable area.
Materials and Methods
Our analysis begins with the estimation of the current statistics of vegetation species present within the ENP. Individual vegetation species grids were produced at a 40-× 40-m scale (10) , from the maps provided by the Center of Remote Sensing and Mapping Science in conjunction with the South Florida Natural Resources Center (29, 30) . Hydrologic measures were also produced at the same spatial resolution. For the purpose of this analysis, a 40-× 40-m grid of the average PTI was produced from the Everglades Depth Estimation Network datasets (31, 32) . A 14-state cellular automaton model (10) was adopted here to simulate the vegetation species' dynamics within the ENP. The 13 most frequent species currently observed within the ENP (each of which covers at least 1% of the ENP area) are represented in the model, and the 14th state is a null state collectively representative of all the other species. The effects of local dynamics, such as facilitation and competition among neighboring species, as well as the influence of the exogenous hydrologic forces are embedded in the model through the probability of transition between states (8, 10) (Fig. S1 and SI Materials and Methods). The model was previously used to describe the current state of the Everglades ecosystem and was able to reveal the exogenous and endogenous drivers of the vegetation organization of wetlands and reproduce their most significant spatial statistics without fine tuning of parameters (10). 
